The 5′ region for the endothelin receptor B (EDNRB) gene is a complex CpG island giving rise to four individual transcripts initiating within the island. Here, for the first time, we analyze the relationship between methylation and gene expression in a CpG island located in the 5′ region of a gene with multiple transcription start sites. The CpG island was unmethylated in normal prostate and bladder tissue, whereas it became methylated in apparently normal colonic epithelium. Tumors derived from these tissues were frequently hypermethylated relative to the respective normal tissues. Analysis of 11 individual CpG sites located throughout the CpG island showed that specific sites with high methylation levels in several tumors were also methylated in normal tissues, suggesting that they might serve as foci for further de novo methylation. This region also had high levels of methylation in several cancer cell lines, and we found that a low methylation level in a small region within the 5′ region correlated with expression of the 5′-most transcript. Interestingly, almost complete methylation 200-1000 bp downstream of the transcriptional start site did not block expression of this transcript. Finally, we show that treatment with 5-aza-2′-deoxycytidine can induce transcriptional activation of the four EDNRB transcripts. Our results show the existence of differential, tissue-dependent methylation at the EDNRB 5′ region, suggest the existence of a spreading mechanism for de novo methylation, starting from methylation hotspots, and show that hypermethylation immediately 3′ to a transcriptional start site does not prevent initiation.
INTRODUCTION
DNA methylation has been implicated in transcriptional repression (1) and the formation of condensed inactive chromatin (2, 3) . Methylation is required for normal mammalian development (4) and generally occurs at CpG dinucleotides (5) , which are found in lower than expected frequency in the genome except in CpG islands. These are regions of ∼1 kb in length which are often associated with promoters or transcribed regions of genes and are generally not methylated (6) . It has become increasingly clear that autosomal genes can be silenced in cancer by abnormal de novo methylation of CpG islands, leading to transcriptional downregulation of gene expression (7, 8) . Examples of genes that are frequent targets for de novo methylation include CDKN2A (p16/INK4A) (9,10), RB1 (11, 12) and CDKN2B (p15/INK4B) (13) , the mismatch repair gene MLH1 (14) (15) (16) (17) and the estrogen receptor gene (ESR1) (18) . The possible number of genes that may be targeted for de novo methylation in cancer is in all probability much higher than currently known, and scanning techniques, such as arbitrarily primed PCR (AP-PCR) (19) , provide a rapid way to determine general patterns of methylation changes in cancer cells and allow us to find new genes that have undergone abnormal methylation changes during oncogenesis. Using the AP-PCR technique we found previously that the 5′ region of the endothelin receptor B (EDNRB) gene is hypermethylated in cancer compared with white blood cell (WBC) DNA (20) . Other investigators had previously shown that the EDNRB gene is abnormally methylated in prostate cancer (21) , but the relationship of this methylation with expression was not examined.
The role of EDNRB in mediating vaso-constriction has been well established. Mutations in the EDNRB gene also give rise to Hirschsprung's disease (22) , a condition characterized by megacolon and abnormal skin pigmentation (23) . Furthermore, recent findings show that EDNRB signaling is necessary during development for proper migration of cells derived from the neural crest, including melanoblasts and enteric neuroblasts (24) . A role for EDNRB in carcinogenesis has not yet been established; however, EDNRB joins a growing number of genes that are important for normal development and may become disregulated in cancer (25) .
The EDNRB gene has a complex 5′ region which we have shown recently to give rise to four different transcripts (20) .
Three of these transcripts encode for the EDNRB protein, but have unique splicing of the 5′-untranslated region (5′-UTR), whereas a more upstream transcript has the potential of generating a new EDNRB protein with a unique N-terminus. The roles and regulation of these novel transcripts are not known; however, the known 5′ region of the EDNRB gene is a CpG island spanning ∼1 kb, and the transcriptional start sites for all four EDNRB transcripts are located within this CpG island. DNA methylation in promoter regions is known to decrease transcriptional activity, but its effect on multiple transcripts within the same 5′ region has not been examined previously.
In the present study we studied the relationship between expression and DNA methylation in a CpG island with multiple transcriptional start sites, as this would extend our understanding of the connection between methylation and transcriptional silencing. Specifically, analysis of the 5′ region of the EDNRB gene in a series of tumor and adjacent normal tissues of prostate, bladder and colon origin showed that normal prostate and bladder tissues are unmethylated, as expected, whereas normal colonic tissue revealed a moderate level of methylation. Furthermore, the tumor tissue was generally hypermethylated relative to the normal tissue. Our analysis included methylation data on 11 individual CpG sites spanning the whole island and, interestingly, several non-adjacent CpG sites showed high levels of methylation in tumor tissues and some of the normal samples. This pattern is suggestive of these sites serving as a seeding point for methylation. Methylation could potentially spread from these sites through the remainder of the CpG island, providing a potential mechanism to explain de novo methylation of CpG islands found in cancer cells. To elucidate the relationship between the 5′ region methylation and expression of the four EDNRB transcripts, we analyzed expression and methylation in a panel of cancer cell lines. Low methylation levels in a small region within the CpG island correlated with expression of the EDNRB ∆3 transcript, the 5′-most transcript in this cluster. Surprisingly, high levels of methylation immediately downstream (200-1000 bp) from EDNRB ∆3 did not block its transcriptional activity, which is in disagreement with other studies (26, 27) performed in plasmid and episomal vectors, where methylation along the vector backbone does inhibit transcriptional activity. Lastly, using 5-aza-2′-deoxycytidine (5-Aza-CdR) we showed that expression of the four EDNRB transcripts could be induced by DNA demethylation, further supporting the role of methylation in the control of this complex promoter. Our findings suggest the existence of a spreading mechanism for de novo methylation starting from distinct methylation hotspots and show that hypermethylation in the 5′ region of a gene does not necessarily equate with transcriptional silencing.
RESULTS
The EDNRB 5′ region is a CpG island.
Our earlier AP-PCR analysis showed a fragment that was hypermethylated in tumor tissue compared with WBC DNA and which corresponded to the 5′ region of the EDNRB gene. Sequencing upstream of the known sequence (GenBank accession no. D13162) showed that the 2000 bp encompassing the EDNRB 5′ region and exon 1 is a CpG island, as defined by Antequera et al. (28) (Fig. 1) . The CpG island has a GC content of 55% and a CpG observed/expected ratio of 0.74. Figure 1 also shows the transcriptional start sites for the four transcripts of the EDNRB gene located within this CpG island (20) .
EDNRB 5′ region methylation in normal and tumor tissue
A panel of tumor and adjacent normal tissues was screened to determine whether there were any changes in methylation levels at the EDNRB locus (Fig. 2) . The methylation levels of 11 individual CpG sites in the EDNRB 5′ region (Fig. 1) were first measured in tissues derived from the prostate, bladder and colon using the quantitative methylation sensitive-single nucleotide primer extension (Ms-SNuPE) technique. In normal prostate tissue the levels of methylation were generally low, as is expected for normal tissues ( Fig. 2A) with increased methylation at CpG -130, the 5′-most CpG dinucleotide analyzed, which is located at the fringe of the CpG island. Prostate tumor tissue had mostly low methylation levels, nevertheless the levels were higher than in the normal adjacent tissue. Higher methylation levels measured in the 3′ end of the CpG island were consistent with conclusions from a previous study (21) . Normal bladder tissue was generally unmethylated, with the exception of CpG -130, where methylation was high ( Fig. 2B ) and two distinct patterns of methylation could be discerned in The left column lists the sample identification number. Sample IDs followed by -1, -2 or -3 indicate that multiple samples were taken from different areas of the same tumor. Sample ID followed by M indicates that sample was from a metastatic node. The top row lists CpG sites analyzed by Ms-SNuPE. Methylation levels were divided into four groups and color coded for easy visual recognition: blue, no methylation/background methylation (0-10%); green, low methylation level (11-25%); yellow, intermediate methylation level (26-50%); red, high methylation level (>51%). The number in each colored box is the exact methylation level as determined by Ms-SNuPE. White boxes, not done. The top bar is a schematic representation of the EDNRB promoter region, arrows indicate approximate location of transcriptional start sites relative to the CpGs analyzed.
bladder tumors. Some bladder tumors showed low levels of methylation in the EDNRB 5′ region, but substantial hypermethylation was observed in a subset of bladder tumors. Some sites were consistently heavily methylated (CpG 377, CpG 618, CpG 654, CpG 1115) in these tumors and might therefore represent sites targeted for preferential de novo methylation. Conversely, CpG 336 remained resistant to hypermethylation, even when adjacent CpGs were highly methylated.
In contrast to prostate and bladder normal tissues, apparently normal colonic epithelium obtained from patients with colorectal cancer was extensively methylated (Fig. 2C) . Hypermethylation of other CpG islands in normal colonic mucosa has been documented previously and has been associated with aging (29) . The EDNRB 5′ region was also a target for increased methylation in colon tumors and CpG 377, CpG 618, CpG 654 and CpG 1115 had the highest levels of methylation, whereas CpG 336 again appeared to be protected from increased methylation, in a pattern analogous to the one observed in bladder tumors. These findings showed that in the EDNRB 5′ regulatory region, prostate, bladder and colon normal tissue have methylation patterns that are particular to each tissue type. Our findings also showed that hypermethylation at the EDNRB 5′ region is common in tumors, regardless of the tissue type. Furthermore, some sites within the CpG island appeared to be preferential targets for de novo methylation, whereas others seemed to be protected from hypermethylation changes.
EDNRB expression and methylation profile in cancer cell lines
Next, we asked if the hypermethylation in the EDNRB 5′ region correlated with expression of any of the EDNRB transcripts. The methylation profiles of the 5′ region in a panel of cancer cell lines were measured and compared with the expression of each of the four EDNRB transcripts in the same cell lines (Fig. 3) . Figure 3A shows that of nine cell lines analyzed only the SK-Mel-28 melanoma cell line strongly expressed all four transcripts as was reported previously (20) . EDNRB expression was detected in two additional cell lines. J82 expressed EDNRB ∆3 strongly and expressed EDNRB ∆1 and the original EDNRB transcript weakly, but did not express EDNRB ∆2. Weak expression of EDNRB ∆3 was detected in SW48 and the remaining cell lines did not express any EDNRB transcripts.
Methylation was not detected throughout the EDNRB 5′ region in the SK-Mel-28 cell line (Fig. 3B) , which correlated well with the high levels of expression of all EDNRB transcripts in this cell line. The methylation profile for the J82 cell line showed a bipartite pattern with the upstream region comprising five CpG sites (CpG -130 to CpG 336) having a lower level of methylation (26%) compared with the more downstream region comprising the latter six CpG sites, where the average methylation was considerably higher (75%). Therefore, the low level of methylation in the upstream region correlated with strong expression of EDNRB ∆3, but not of the other transcripts and high methylation levels downstream of the transcriptional start site did not block transcription of EDNRB ∆3.
EDNRB expression can be induced by 5-Aza-CdR treatment
We reasoned that if EDNRB expression was inhibited by DNA methylation, then treatment of cells with the demethylating agent 5-Aza-CdR would induce expression of EDNRB transcripts. The bladder cancer cell line T24 which had high methylation levels in the 5′ region of EDNRB (Fig. 3B) and did not express any EDNRB transcript (Fig. 3A) , was therefore treated with the drug and expression of EDNRB transcripts monitored as a function of time after treatment (Fig. 4A) . Figure 4A shows a representative analysis of the kinetics of reactivation of EDNRB transcripts following 5-Aza-CdR treatment. The original, ∆1 and ∆3 transcripts were coordinately induced with peak expression seen at day 21 after treatment, suggesting a common regulatory mechanism. The EDNRB ∆2 transcript was induced more weakly and expression was detected on days 21 and 35 after treatment. The kinetics of expression were confirmed in a separate experiment (data not shown) which showed minor variations in maximal expression levels and timing. An additional five cell lines with low or no expression of EDNRB transcripts (SW48, 5637, SW837, HCT-15, HCT116) were treated with 5-Aza-CdR. In all cases reactivation of EDNRB transcripts was detected after treatment with the drug (data not shown) showing that 5-Aza-CdR-mediated transcript reactivation of EDNRB transcripts was not limited to the T24 cell line.
The methylation profile of the CpG island in 5-Aza-CdRtreated T24 cells was measured over a period of 35 days (Fig. 4B) to determine the possible relationship between methylation and expression. The initial methylation at this locus in the T24 cells was high, as was determined previously (Fig. 3B) and maximal demethylation was reached between days 3 and 6 after drug treatment. At day 21 post treatment remethylation was detectable and increased over time. This increasing methylation was followed by decreasing expression levels of the EDNRB transcripts. It is of note that the CpG sites within this island did not remethylate with equal kinetics, but that site specificity was detected. CpGs 165, 377 and 654 showed the most rapid rate of remethylation, whereas CpG 336 seemed protected. This pattern was similar to the one observed in tumor samples. Therefore, measurement of the kinetics of remethylation at the EDNRB 5′ region showed that methylation was correlated with transcriptional activity and that there was preferential targeting of some CpG dinucleotides for remethylation. The labels on the right indicate the transcripts which were amplified. mRNA original + ∆1 denotes simultaneous amplification of both EDNRB original and EDNRB ∆1 transcripts. Due to the structure of the original transcript it was not possible to generate primers that would specifically amplify the EDNRB original transcript only. On the other hand, EDNRB ∆1 could be amplified unequivocally by taking advantage of a unique 5′ end. GAPDH expression controls for presence of RNA in sample. (B) Methylation levels in the EDNRB 5′ region were measured using Ms-SNuPE in T24 cells that were treated with the demethylating agent 5-Aza-CdR. CpG dinucleotides and numbering are as in Figure 3 .
DISCUSSION
The purpose of this study was to investigate the role of DNA methylation in the regulation of the complex EDNRB 5′ region, a CpG island containing three transcription start sites giving rise to four distinct mRNA transcripts. We have found increased levels of methylation in tumor compared with normal samples derived from colon, bladder and prostate tissues. A few individual CpG dinucleotides exhibited higher methylation levels in normal tissue and might represent seeding points from which methylation spreads in tumor samples. Transcription of EDNRB mRNA was detected even in the presence of high levels of methylation downstream of the transcriptional start site.
Hypermethylation in tumors relative to normal tissue has been described before in many instances (7, 8) and it has been suggested that these changes can be useful as markers for the early detection of cancer cells. Hypermethylation in the EDNRB 5′ region could potentially be used as a marker for malignancy and our extensive study of the EDNRB 5′ region shows that selected CpGs within the island may be more reliable markers for malignancy. However, background noise particular to a tissue type must be taken into account. For example, a previous study in the EDNRB promoter found frequent hypermethylation in prostate tumors at the more 3′ end of the EDNRB promoter (21), yet, we show that this hypermethylation seldom spreads to the more upstream sites in prostate tumors. Conversely, bladder and colon tumors are often highly methylated in the 5′ region, with the highest methylation levels found around a few 'hotspot' sites. These hotspots could possibly represent the most appropriate CpGs to use as markers for the detection of early methylation changes. The intrinsic basal levels of methylation varied in each tissue so that prostate and bladder normal tissue were mostly unmethylated as expected. However, colon normal tissue had levels of methylation which sometimes exceeded the levels in prostate or bladder tumors. This situation is analogous to the one in the estrogen receptor (ESR1) promoter, where hypermethylation in normal colon tissue has been correlated to ageing (18) . Therefore, differences in basal methylation levels vary between tissue types and must be taken into account when measuring hypermethylation events. Although the EDNRB 5′ region displays abnormal methylation patterns in tumors of the colon, bladder and prostate, additional experiments will be needed to confirm its value as a prognostic marker for the detection of neoplastic changes.
Little is known about the mechanisms that result in CpG island hypermethylation in cancer. Proposed mechanisms include the binding of proteins, such as SpI, that prevent methylation of the island (30, 31) or the presence of boundary sequences that demarcate methylated and unmethylated regions (32, 33) . We detected sites within the EDNRB 5′ region that were methylated in normal tissue and showed further hypermethylation in tumor tissue. This result is suggestive of the presence of 'hotspots' for methylation, rather than a defined boundary between methylated and unmethylated sequences, and supports a model for a gradual increase of methylation originating from the core of the EDNRB island.
Previous studies using plasmid and episomal vectors (26,27) have used patch methylation techniques to show that methylation downstream of a promoter can decrease transcription levels. In the J82 cell line EDNRB ∆3 was expressed even in the presence of almost complete methylation in the region 200-1000 bp downstream of the transcriptional start site. Therefore, a promoter in its native chromosomal context may be subject to levels of transcriptional control not present in plasmids or episomes. We do not know whether this extensive methylation attenuated the transcription level, but the data clearly show that extensive methylation closely downstream of the initiation site does not completely silence a gene.
Demethylation using 5-Aza-CdR in T24 cells was of interest since it was revealed that activated transcripts could be coordinately expressed and there was a considerable lag time between the demethylation event and maximal expression levels. All four EDNRB transcripts were activated by treatment with 5-Aza-CdR and in three of the four transcripts the expression patterns observed over 35 days were surprising; expression was clearly coordinated between the individual transcripts. We expected to see preferential expression of one transcript, following the model of transcriptional interference (34) (35) (36) . However, it should be noted that all EDNRB transcription start sites are located within one CpG island, and this is the first time a promoter of its type has been analyzed. It is possible that the close proximity of the transcription start sites opens up the chromatin of the whole region when one transcript is activated, thus resulting in coordinate expression of all the mRNAs. Another interesting observation was the fact that maximal expression levels were not obtained until several days after the treatment. Previous reports showed that p16/INK4A reactivation closely followed treatment with 5-Aza-CdR, and maximal expression was obtained 3-6 days after drug treatment (37) . The different kinetics of expression and methylation at this 5′ region together with the unique promoter architecture suggests that in addition to DNA methylation, other layers of control are at work in the regulation of expression of this complex 5′ region.
MATERIALS AND METHODS

Tissue samples
Human bladder, colon and prostate tumor tissue and adjacent normal tissue were obtained from patients from the Los Angeles County/University of Southern California Medical Center and the University of Southern California/Norris Comprehensive Cancer Center (Los Angeles, CA), following institutional guidelines. To ensure purity of sample, mucosal tissue was dissected from surrounding muscle and adipose tissue, as previously described (10, 38, 39) . DNA and RNA was isolated as described previously (40) .
Cell culture
Colorectal cancer cell lines (HCT116, LoVo, HCT-15, SW837, SW48) and bladder cancer cell lines (T24, J82, 5637) were obtained from the American Type Culture Collection (Rockville, MD). The melanoma cell line SK-Mel-28 was obtained from Memorial Sloan Kettering (New York, NY). All colorectal cancer cell lines and T24 and 5637 were cultured in McCoy's 5A medium (Life Technologies). J82 was cultured in MEM (Life Technologies) supplemented with 0.1 mM nonessential amino acids and 1mM sodium pyruvate. SK-Mel-28 was cultured in DMEM (Life Technologies). All media were supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin and 10 µg/ml streptomycin. Cell lines were maintained at 37°C, 5% CO 2 -95% air in standard tissue culture incubators under sterile conditions.
5-Aza-CdR treatment
Cells (3 × 10 5 ) were seeded in a 100 mm cell culture dish 24 h prior to treatment with 5-Aza-CdR (Sigma). Cells were incubated with 10 -6 M 5-Aza-CdR for 24 h, medium was changed and cells were incubated for another 24 h with freshly prepared 10 -6 M 5-Aza-CdR. At the conclusion of the treatment, medium was changed, and cells kept non-confluent and growing with medium changes every 3 days. The 5-Aza-CdR treatments were performed multiple times to ensure reproducibility of results. DNA and RNA were harvested at various timepoints as described (40) .
RT-PCR
Reverse transcription was performed using total RNA (2.5 µg), MMLV-reverse transcriptase (Life Technologies) and random hexamers (Amersham Pharmacia Biotech) in a volume of 25 µl, as described previously (40) . The sequences of the four EDNRB transcript variants have been described (20, 41, 42) . We generated primers that would specifically amplify EDNRB ∆1, EDNRB ∆2 and EDNRB ∆3. Due to sequence constraints it is not possible to design primers that amplify only the original EDNRB transcript, so we designed primers that amplify both the original EDNRB transcript and EDNRB ∆1 and called the product EDNRB original + ∆1. PCR amplifications were performed using 100 ng cDNA, 1 U Expand High Fidelity PCR system enzyme mix (Roche Molecular Biochemicals), 0.2 mM each dNTP, 0.5 µM each sense and antisense primer and 1× Expand HF buffer in a total volume of 25 µl. Additionally, amplification of EDNRB original + ∆1 and EDNRB ∆2 required 10% DMSO.
All PCR amplifications started with an initial denaturation step at 94°C for 4 min and ended with a final extension step at 72°C for 10 min. PCR cycling conditions for EDNRB original + ∆1 were 36 cycles of 94°C for 45 s, 65°C for 60 s and 72°C for 60 s. The primers were EDNRB orig. + ∆1, 5′-GGC GGT ATT AGC GTT TGC AGC GAC TT-3′ (sense), and EDNRB orig. + ∆1, 5′-GCC AGT CCT CTG CCA GCA GC-3′ (antisense). PCR cycling conditions for EDNRB ∆1 were 38 cycles of 94°C for 45 s, 67°C for 60 s and 72°C for 60 s. Primers were EDNRB ∆1, 5′-AGC TTT GCC TGG GAC CCC CAT C-3′ (sense), and EDNRB ∆1, 5′-GCC AGT CCT CTG CCA GCA GC-3′ (antisense). PCR cycling conditions for EDNRB ∆2 were 35 cycles of 94°C for 45 s, 63°C for 60 s and 72°C for 60 s. Primers were EDNRB ∆2, 5′-GGA GCT GTA GCT CAG CCA GC-3′ (sense), and EDNRB ∆2, 5′-GAG ATG GTG CGT GGC GGA GA-3′ (antisense). PCR cycling conditions for EDNRB ∆3 were 34 cycles of 94°C for 45 s, 62°C for 30 s and 72°C for 45 s. Primers used were EDNRB ∆3, 5′-CGA GCA AAC GGT GGA GGC TAC A-3′ (sense) and EDNRB ∆3, 5′-CGG CTG CAT GCT GCT ACC TG-3′ (antisense). PCR products were resolved on a 2% agarose gel and transferred onto a Zeta-Probe membrane (Bio-Rad Laboratories) via alkaline transfer. Membranes were probed using a 5′ end labeled oligonucleotide with sequence 5′-CTC TGA AAC TGC GGA GCG GCC AC-3′ and exposed to autoradiographic BioMax MR film (Eastman Kodak).
Methylation analysis
Methylation status in the 5′ region of the EDNRB gene was determined by Ms-SNuPE (43) . This technique depends on chemical modification of DNA using sodium bisulfite, where unmethylated cytosine residues are converted to uracil residues but methylated cytosines remain unchanged. DNA samples were bisulfite-converted as described previously (44) .
Ms-SNuPE was performed as described previously (43) . In order to analyze a representative number of CpG dinucleotides spanning the 5′ region of the EDNRB gene, four separate bisulfite-PCR products were generated. EDNRB segment 0 allowed for analysis of CpG dinucleotides at positions -130 and -8. EDNRB segment 1 allowed for analysis of CpG dinucleotides at positions 165, 291 and 336. EDNRB segment 2 allowed for analysis of CpG sites at positions 336, 377, 431, 618 and 654. EDNRB segment 3 allowed for analysis of CpG 994 and 1115. Numbering is relative to GenBank accession no. D13162. PCR and Ms-SNuPE conditions have been described previously
